Prion protein (PrP) is a cell-surface glycoprotein implicated in the pathogenesis of a range of neurodegenerative disorders collectively termed transmissible spongiform encephalopathies (TSEs), including Creutzfeldt-Jakob disease (CJD) in humans, bovine spongiform encephalopathy (BSE) in cows, and chronic wasting disease (CWD) in deer.
Prion protein (PrP) is a cell-surface glycoprotein implicated in the pathogenesis of a range of neurodegenerative disorders collectively termed transmissible spongiform encephalopathies (TSEs), including Creutzfeldt-Jakob disease (CJD) in humans, bovine spongiform encephalopathy (BSE) in cows, and chronic wasting disease (CWD) in deer. [1] [2] [3] [4] PrP exists in two distinct forms: cellular PrP (PrP C ) and a pathogenic or scrapie form (PrP Sc ) derived from PrP C . Although there is no difference in the primary structure of these isoforms, spectroscopic studies revealed that PrP C has a high ahelical content, whereas PrP Sc is composed primarily of bsheets. 5, 6) There are many hypotheses regarding the conversion of PrP C to PrP Sc , but the data suggest that conversion is entirely conformational and involves no amino acid substitutions or deletions, and thus supports the protein-only hypothesis.
2) Prion replication requires the conversion of PrP C into PrP Sc , where PrP Sc acts as a template and protein X functions as a chaperone. [7] [8] [9] Mature human PrP (hPrP) consists of 253 amino acids, with a C-terminal glycosylphosphatidylinositol (GPI) anchor and two glycosylation sites (Fig. 1) . The N-terminal domain, which includes four repeats of the PHGGGWGQ octapeptide, is a flexibly disordered region. In contrast, the C-terminal domain, which includes two a-helices and a GPI anchor, is a folded region. The middle domain includes two b-sheets and one a-helix. [10] [11] [12] The hPrP region spanning amino acid residues 106-126 in the middle domain is thought to be responsible for the pathogenic properties of PrP Sc , including neurotoxicity, protease-resistance, induction of hypertrophy, and promotion of astrocyte proliferation. [13] [14] [15] [16] [17] Although PrP metal-binding sites have been investigated using full-length PrP C or synthetic fragment peptides and it is now generally accepted that PrP C binds copper in vivo, 18) most researchers have focused on the octarepeat region, [19] [20] [21] [22] [23] and there are few reports describing the metal-binding ability of the middle-and C-terminal domains of hPrP. 24) The interaction of full-length and truncated forms of PrP with Cu 2+ has been investigated using a range of techniques, including electron paramagnetic resonance (EPR), [25] [26] [27] circular dichroism (CD), 28, 29) X-ray crystallography 30) NMR, 31, 32) MS, [33] [34] [35] Raman spectroscopy, 36, 37) Fourier transform infrared (FT-IR) spectroscopy, 38) and potentiometry. 39) Although these methods have been useful, most can only detect metal-binding that occurs during conformational conversion, and as a result, they cannot detect metal-binding occurring without conformational conversion. Only MS is capable of detecting metal-binding that does not occur in conjunction with conformational conversion. Electrospray ionization (ESI)-MS has the advantage of being able to provide speciation information directly, and has been used to analyze Cu 2ϩ binding to hPrP octarepeat peptides. 40, 41) We developed a column switch (CS)-HPLC system that can detect direct metal-binding to the octarepeat region of hPrP C , and the data obtained using our CS-HPLC method agreed well with previous CD analyses. 42, 43) In this study, we used CS-HPLC to analyze the metal-binding characteristics of 21 synthetic fragment peptides derived from the sequence of hPrP amino acids 60-230. ed from Kishida Chemical Co., Ltd. (Japan). Piperidine was obtained from Sigma-Aldrich Japan (Japan). O- Peptide Synthesis Fragment peptides corresponding to amino acid sequence from human prion protein were synthesized using an automated ABI model 433A peptide synthesizer (0.1 mmol scale with preloaded resin) from Fmoc protected L-amino acid derivatives purchased from ABI. 44, 45) Amino acids were preactivated by reaction with HATU and DIEA. After deprotection according to the manufacturer's protocol, each peptide was purified using reversed-phase HPLC (Capcell Pak C18 column, SG, 10 or 15 mm i.d.ϫ250 mm; Shiseido Co., Ltd., Japan) with a linear gradient elution from 0.1% TFA to 50% or 70% CH 3 CN containing 0.1% TFA over 30 min. The primary peak was collected and then lyophilized. Peptide purity was confirmed using an analytical HPLC system as described below. Each purified peptide was characterized by ESI-MS using a Qstar Elite Hybrid LC/MS/MS system (ABI).
Experimental
Analytical HPLC Cleavage reactions and the purity of synthetic peptides were confirmed by analytical reversed-phase HPLC (Cosmosil 5C 18 -AR-II column, 5 mm, 4.6 mm i.d.ϫ150 mm; Nacalai Tesque, Japan) with a flow rate of 1.0 ml/min and a linear gradient elution from 0.1% TFA to 70% CH 3 CN containing 0.1% TFA. The column eluate was monitored with a photodiode-array detector (SPD-M20A; Shimadzu, Japan).
Column Switch (CS)-HPLC System The CS-HPLC method used here was modified from the method reported previously, 46) and consisted of an affinity column (TSKgel Chelate-5PW, 75 mmϫ7.5 mm i.d.; Tosoh, Japan) for the first separation and an octadecylsilica (ODS) reversed-phase column (Cosmosil 5C 18 -MS-II, 150 mmϫ4.6 mm i.d.; Nacalai Tesque, Japan) for the second separation. The time schedules for column switching are described in Fig. 2 . The flow rate was set at 1.0 ml/min for the first separation, and the eluate was monitored by UV absorption at 220 or 280 nm (Detector 1). The affinity column was flushed with 3 mM metal solution for 10 min (total 30 mmol) and then washed with binding buffer (20 mM Tris-HCl (pH 8.0) containing 500 mM NaCl) for 15 min before sample injection. Various peptide samples were loaded onto the affinity column, and then the column was washed with binding buffer for 10 min to allow for peptide binding. The solvent was then changed to 20 mM Tris-HCl (pH 8.0) containing 500 mM NaCl and 50 mM EDTA (elution buffer) using a solvent selection unit in manual mode. At the same time, a column selection unit was manually switched, and the eluate from the affinity column was directed to the second in-line reversed-phase HPLC column for 10 min. The reversed-phase column was then flushed with 0.1% TFA for 5 min to remove residual elution buffer, and peptides were then eluted with a linear gradient from 0.1% TFA to 50% or 70% CH 3 CN containing 0.1% TFA for 15 min. The flow rate of the second column was 1.0 ml/min, and the chromatogram was monitored by UV absorption at 220 or 280 nm (Detector 2).
CD Analysis CD spectroscopy was carried out at room temperature in a J-805 spectropolarimeter (Jasco, Japan) continuously flushed with dry nitrogen, using a circular quartz cell with a path length of 0.2 cm. The peptide concentration was 10 mM in 10 mM Tris-HCl buffer at pH 6.0, 6.5, 7.0, 7.5, or 8.0. The concentration of Cu 2ϩ was equivalent to twice the number of H residues. The wavelength range was restricted to over 195 nm due to excessive absorption by the buffer at lower wavelengths. Data are presented from triple scans with subtraction of buffer spectra and mathematical smoothing.
Results and Discussion
Preparation of Synthetic Fragment Peptides The amino acid sequences of synthetic peptides in this study were selected on the basis of the position of H residues and the secondary structure of hPrP.
11) The domain structure of hPrP is illustrated in Fig. 1 , and the peptides used in this study are listed in Table 1 . We divided hPrP residues 60-230 into the following 3 domains in this study; hPrP60-91 as the octapeptide repeat region (OP-repeat), hPrP92-168 as the middle domain, and hPrP169-230 as the C-terminal domain. Synthetic fragment peptides of various lengths covered hPrP residues 60-230. The synthetic ratio appeared to be very high, and the purity of the synthetic peptides was sufficient for using in this study. All peptides were characterized by ESI-MS using a direct spray method. OP-repeat, composed of four highly conserved, contiguous repeats of the eight-residue sequence PHGGGWGQ, is located in the flexible N-terminal region of hPrP. This domain also contains the copper-binding sites. Four peptides corresponding to sequences in hPrP and containing one to four octarepeats were synthesized to confirm the reliability of the CS-HPLC system for measuring the binding of various metals. The peptide PAGGGWGQ, containing an H residue to A residue substitution, was synthesized to serve as a negative control for the octapeptide. We also synthesized an additional eight fragment peptides corresponding to the middle domain of hPrP (amino acids 92-168), each of which contained one to three H residues. In addition, five H-containing peptides and three non-H-containing peptides corresponding to the Cterminal domain of hPrP (amino acids 169-230) were synthesized and characterized in the same manner described above. The amino acid sequences of the synthetic peptides examined in this study are listed in Table 1 .
CS-HPLC System
The binding ability of metals to hPrP peptides was assessed using a CS-HPLC system. The CS-HPLC system consisted of a chelate affinity column and a reversed-phase column for the first and second separations, respectively. The column switching schedule used in the total analysis and binding analysis are shown in Fig. 2 . An initial CS-HPLC experiment was carried out without loading any sample as a prerun to equilibrate the columns. For total analysis, the chelate column was washed with Tris buffer for 10 min and then washed with Tris-EDTA buffer for an additional 10 min after sample injection. In this process, no metal bound to the chelate column; therefore, peptides were loaded onto an ODS column directly and trapped. The column selection unit was switched to line B 20 min after sample injection. The ODS column was washed with 0.1% TFA for 5 min to wash out the buffer carried over from the first column, and then the second column was performed with a linear gradient elution system.
The chromatogram for the total analysis of Cu 2ϩ binding to peptide OP-4 is shown in Figs. 3a and b . The affinity of metal-binding was measured according to the binding analysis method shown in Fig. 2 . In the binding analysis, individual metal ions were loaded onto the chelate affinity column for 10 min during the prerun. After sample injection, the chelate column was washed with Tris buffer for 10 min, after which the buffer was changed to Tris-EDTA. Peptides eluted from the chelate column were then directly loaded onto the reversed-phase ODS column in an in-line fashion. The same analytical procedure was used in the total analysis method.
The chromatograms for the binding analysis for Cu 2ϩ binding to peptide OP-4 are shown in Figs. 3c and d. Based on these data, the Cu 2ϩ -binding ability was calculated.
Binding of Various Metals to the Octarepeat Region in the N-Terminal Domain of hPrP (Amino Acids 60-91)
The OP-repeat, composed of four highly conserved, contiguous repeats of the eight-residue sequence PHGGGWGQ, is located in the flexible N-terminal region of hPrP. This domain functions as the Cu 2ϩ -binding site. The chromatograms for the total and binding analysis of Cu 2ϩ to peptide OP-4 are shown in Fig. 3 . In the total analysis, OP-4 eluted from the chelate column with a shorter retention time than it eluted from the ODS column (Figs.  3a, b) , indicating that the peptide did not bind to the chelate column. On the other hand, in the binding analysis, there is no peak on the chromatogram for the chelate column at the earlier retention time (Fig. 3c) , but the same peak was identified eluting from the ODS column that eluted from the ODS column in the total analysis (Fig. 3d) . Taken together, the data indicate that Cu 2ϩ bound to the peptide, and we calculated the binding ratio as 98.8% by comparing the peak areas from both analyses. Although OP-1 showed the similar chromatogram patterns to those of OP-4 in the total analysis (Fig.  3e, f) , however, no peak was appeared in the binding analysis of OP-1 (Fig. 3h) . These data indicate that OP-1 did not bind to the chelate affinity column.
The binding of other metals to the synthetic peptides was analyzed in the same manner. The metal-binding ability of peptides OP-1 to OP-4 is listed in Table 2 . All metal ions tested here showed a similar affinity for OP-2, OP-3, and OP-4, except that Cd 2ϩ bound to OP-4 with a weak affinity. These data agree well with CD analyses of the metal-binding ability of both a previous report 29) and our CD data (data not shown). In addition, OP-1/HA, containing an H residue to A residue substitution, had a poor binding affinity for Cu 2ϩ . Therefore, we concluded that CS-HPLC is a reliable method for measuring the binding of various metals to fragment peptides of PrP C . Interestingly, we also found that Cu 2ϩ and Co 2ϩ did not bind to OP-1, which is composed of only one octapeptide region. Acids 92-168) The majority of metal-binding studies to date have focused on the OP-repeat region, with few reports describing the binding of metals to peptides representing the middle-and C-terminal regions of hPrP. The so-called "fifth binding site," containing amino acids H96 and H111, is located on the C-terminal side of the OP-repeat region and is thought to be a binding site for Cu 2ϩ . In addition, there are many H and M residues in the hPrP region spanning residues 92-168 to which various metal ions could bind. Since we had demonstrated the reliability of CS-HPLC to assess binding of metals to hPrP peptides (see Table 2 ), we then assessed the binding of various metals to eight fragment peptides representing the middle domain of PrP C using CS-HPLC (Table 3) . The chromatograms for Co 2ϩ -binding to the hPrP92-168 and hPrP148-168 regions are shown in Fig. 4 . In the case of hPrP92-168, the chromatogram from the ODS column obtained in the total analysis (Fig. 4a) was same as that obtained in the binding analysis (Fig. 4b) , indicating that Co and Co 2ϩ (Table 3) . Cobalt bound to the hPrP148-168 region differently than it bound to the hPrP92-168 region. As shown in Fig. 4 , the peak appearing at 35.78 min on the total analysis chromatogram for hPrP148-168 (Fig. 4c) was not identified in the binding analysis chromatogram (Fig. 4d) .
Binding of Metals to Peptides Representing the Middle Domain of hPrP (Amino
The ability of various metals to bind to eight peptides representing the hPrP92-168 region is shown in (Table 3) ; however, no conformational conversion was observed upon Cu 2ϩ binding by CD analysis at pH 6.0, 6.5, 7.0, 7.5, or 8.0 (data not shown). These data indicate that CS-HPLC is a useful method for analyzing the binding of metals to peptides regardless of conformational conversion.
Binding of Metals to Peptides Representing the C-Terminal Domain of hPrP (Amino Acids 169-230) The Cterminal domain is thought to be responsible for the aggregation of PrP; however, there are few reports regarding the binding of metals to peptides in this domain. Therefore, we examined the binding of metals to eight peptides representing the C-terminal domain of hPrP (amino acids 169-230).
The chromatograms for the binding of Cu 2ϩ to peptides hPrP180-192 and hPrP180-192/HA are shown in Fig. 5 . The same peak was identified eluting at the same retention time on the ODS column in both the total and binding analyses (Figs. 5a, b) . The peak for peptide hPrP180-192/HA, in which an A residue has been substituted for the H residue, was not identified by the binding analysis (Figs. 5c, d ). These data indicate that the ability of hPrP180-192 to bind metal is due to the H residue. In contrast, hPrP193-230, which does not contain an H residue but contains three M residues and one C residue, bound weakly to all metal ions tested. Peptide hPrP215-230, in which the N-terminal region encompassing the M and C residues of peptide hPrP193-230 had been deleted, did not show affinity to any metal ions tested (Fig. 6, Table 3 ). These data suggest that the M and C residues are responsible for the ability to bind metals, similarly to the H residue. Although hPrP169-179 possessed affinity for Cu Of the 21 peptides tested here, we were unable to examine the metal-binding ability of one, peptide hPrP169-192, because the identical peak was not found in chromatograms from both the total analysis and binding analysis. The data are interesting and suggest that hPrP169-192 may have been tightly bound to the chelate column in a nonspecific manner.
Conclusion
The CS-HPLC method described in this study is useful and convenient for assessing the metal-binding affinity and characterizing metal-binding peptides or proteins. The advantages of this method are that it requires a minimal amount of sample peptide and is less time-consuming than CD or NMR. In this study, we used CS-HPLC with synthetic peptides representing various regions of hPrP to identify not only many Cu 
